The goals and objectives of phase 1 clinical trials are changing to include further evaluation of endpoints such as molecular targeted effects, in addition to dose-toxicity profile of the investigational agent. Because of these changes in focus, the National Cancer Institute and Investigational Drug Steering Committee's Task Force on Clinical Trial Design met to evaluate the most efficient ways to design and implement early clinical trials with novel therapeutics. Clinical approaches discussed included the conventional 3 + 3 cohort expansion phase 1 design, multi-institutional phase 1 studies, accelerated titration designs, continual reassessment methods, the study of specific target patient populations, and phase 0 studies. Each of these approaches uniquely contributes to some aspect of the phase 1 study, with all focused on dose and schedule determination, patient safety, and limited patient exposure to ineffective doses of investigational agent. The benefit of labor-intensive generation of preliminary biomarker evidence of target inhibition, as well as the value of molecular profiling of the study population, is considered. New drug development is expensive and the failure rate remains high. By identifying patient populations expected to respond to the study agent and tailoring the treatment with a novel drug, investigators will be one step closer to personalizing cancer treatment. The "fail early and fast" approach is acceptable if the appropriate patient population is evaluated in the phase 1 trial. The approaches outlined in this overview address the merits, advantages, disadvantages, and obstacles encountered during first in human studies.
A workshop sponsored by The Clinical Trial Design Task Force of the Investigational Drug Steering Committee discussed the evolving role of the phase 1 clinical trial beyond the simple determination of dose, schedule, and adverse event profile. This report, generated following that workshop, provides a general overview of the designs, goals, and objectives for studies done for the first time in humans, focusing on traditional and adaptive designs, in addition to designs that limit the number of patients accrued at lower and presumably less effective dose levels.
Overview
The traditional first-in-human study or phase 1 investigation is used to determine the dose and schedule of an investigational agent and/or drug. This evaluation also provides the initial description of adverse events associated with agent administration in a dose-dependent fashion. The dose is determined using a variety of dose-escalation strategies that target a toxicity rate of 33% or less. This target is achieved by increasing the dose of the study drug until the toxicity rate reaches 33% (i.e., two of six patients). Investigators then drop back to the next lower dose level(s) to accrue additional patients at the recommended phase 2 dose (RP2D) and schedule [also called the maximally tolerated dose (MTD)] to further evaluate the adverse event profile of the study agent. Many studies have used a "3 + 3" cohort expansion design ( Fig. 1) to reach the RP2D. This strategy has been successfully used for the determination of dose and schedule of cytotoxic agents used for patient treatment today; however, it does not necessarily suit the development of many molecularly targeted agents (MTA) and/or drugs in development over the last 10 years.
Conventional phase 1 study design. The rationale for the 3 + 3 cohort expansion design is pragmatic with regard to determining toxicity-based dose escalation. One or two patients are insufficient to determine whether a 33% toxicity rate has been reached and dose-escalation should halt; therefore, three patients are required for the initial cohort size. Treatment may be escalated to the next higher dose level if no dose-limiting toxicity (DLT) occurs; however, if one drug-related DLT occurs in these three patients, the cohort is expanded to six patients to verify that the toxicity rate has reached 33% (i.e., two of six or fewer patients). When the toxicity rate reaches 33% in a cohort, the next lower dose level will be called the RP2D (so long as the toxicity rate is less than 33%) and the cohort will be expanded to 6 to 15 patients total to establish the preliminary safety profile of the study agent.
The "good," and thus ethical, phase 1 study is governed by three guiding principles: safety, ethical conduct, and efficiency. Patient safety guides study design by minimizing the number of participants exposed to serious or life-threatening adverse events. Ethical conduct is structured on the concept that patients and their physicians have exhausted all other possible reasonable and standard therapeutic options; therefore, patients with various kinds of advanced malignancies that are either refractory to standard therapy or for which no curative therapy exists, are enrolled. The dose and schedule should be determined safely and efficiently with the least number of patients exposed to subtherapeutic doses; the starting dose should be defined to minimize the risk to patients receiving initial treatment with a new agent. The RP2D should be generalizable for future disease-specific evaluations. When acceptable toxicity is used as a surrogate for activity and/or efficacy, most responses in phase 1 studies of cytotoxic agents occur within 80 to 120% of the RP2D (1) . Efficiency dictates that the study will move forward into phase 2 evaluations in which therapeutic intent is most clearly defined in a disease-specific sense.
The starting dose for MTAs hinges on both safety and efficiency. The derivation of a starting dose for first-in-human phase 1 trials of MTAs in cancer patients is safe but is based on diverse practices using a variety of preclinical toxicologic parameters with both rodent-and nonrodent-based models being used (2, 3) . These agents often do not produce DLT, such that the endpoint for the phase 1 investigation can be a maximally administered dose rather than a MTD. When nonrodent data are used for selection of the starting dose and toxicity is expected to be minimal, dose escalation may proceed using dose-doubling rather than a more classical modified Fibonacci dose escalation scheme. When the starting dose is determined using rodent nonclinical models, one tenth of the murine equivalent lethal dose in 10% of the animals, or the MELD10, is considered a safe starting dose in humans. This determination assumes that the toxicities observed interspecies are not different with regard to dose. Eisenhauer and colleagues (3) modeled percent MELD with regard to determination of the MTD and the number of dose levels to select a RP2D using trials of cytotoxic agents, and concluded that 20% of the MELD10 would be safe and reasonable to decrease the duration of phase 1 trials and to determine a safe dose. Jaap Verweij has looked at nonclinical toxicity studies and the role they have in determining a safe starting dose (3) . He stated that the ratio of the MTD to starting dose was higher for murine and lower for nonmurine species; thus, nonmurine species may be more sensitive for determining MTD in human studies. Efficiency in the phase 1 investigation may be enhanced using dose-doubling for the starting dose if interspecies toxicity is limited and the dose escalation method is conservative.
The efficiency of phase 1 investigations also hinges on the number of patients per cohort, the aggressiveness of the dose escalation scheme, the number of participating centers, and the added value of intrapatient dose escalation. Increasing the number of patients per cohort allows for a more accurate assessment of toxicity and diminishes the likelihood that serious adverse events are not identified. This approach increases the number of patients needed for dose and toxicity determination. Later in this manuscript a more extensive description of accelerated dose titration designs will be discussed; these designs limit the number of patients being treated at subtherapeutic levels, while optimizing trial efficiency and assuring patient safety. The concern that rapid dose escalation will compromise patient safety is addressed, using designs that minimize the risk of DLTs.
In the last 30 years the concept of the multi-institutional trial has emerged as an important strategy to increase efficiency. Multi-institutional phase 1 trials refer to those in which several institutions participate in the same trial such that patient slots at each cohort are either assigned by the sponsor or allocated on a first-come, first-serve basis, with the main intention to expedite trial completion. A recent review of phase 1 trials published between 1998 and 2006 in two major cancer journals was undertaken to evaluate the characteristics and efficiency of multi-institutional phase 1 trials. Of 463 trials reviewed, 55% were done in single institutions, whereas the others were conducted in 2 to 16 institutions. Among 30% of the trials that specified accrual time, there was no difference between trials involving one versus more institutions. Trials with one, two, or at least three participating institutions enrolled during a median of 21, 20, and 22 months, respectively. There was no association between the sponsor or the mechanism of drug action and the number of participating institutions. It should be noted, however, that concerns have been raised about multi-institutional phase 1 trials: that they can dilute the experience to recognize toxicity patterns for a novel drug or drug combination, as each investigator may only manage a limited number of trial patients (4) . The conduct of multi-institutional phase 1 trials, especially those that involve more than two to three centers, should be discouraged unless justified by a low prevalence of the patient population under study.
The paradigm of toxicity-based dose escalation starts to unravel when novel, noncytotoxic MTAs are evaluated in the context of phase 1 studies. Determination of maximum acceptable toxicity may not be required if welldefined molecular-targeted effects are observed; the investigator is then challenged to define and develop a qualified assay for targeted effect to determine dose. In a review by Parulekar and Eisenhauer, 36 phase 1 studies used toxicity and 8 used pharmacological data as endpoints to select a RP2D. The evaluation of nontoxicity endpoints such as molecular-targeted effects in tumor or surrogate tissues, or functional imaging studies were not used, perhaps because they have not been widely validated (5) . Further study and the development of reasonable and/ or strict criteria are needed to accurately test the value of this approach to phase 1 development. In some situations, phase 0 investigations are one approach that can be used for the determination of validated molecular-targeted effects that can inform phase 1 endpoints and pharmacokinetics. This approach will be discussed later in this report.
This report will review in more detail the discussions that occurred as part of the Phase 1 Clinical Trial Design Meeting of the Clinical Trial Design Task Force of the Investigational Drug Steering Committee. The authors will discuss novel statistical designs including accelerated titration, continual reassessment methods, and phase 0 designs. In addition, the use of biomarkers and genetic profiling for patients selection in the phase 1 setting will be considered.
Accelerated titration designs. Investigators in oncology have had an ongoing interest in modifications to the standard phase 1 design to make it more efficient, treat fewer patients at nontoxic dose levels (which may be less efficacious), and increase the precision of phase 2 dose recommendations (3, 6) . In response to this, Simon and colleagues (7) developed a family of accelerated titration designs (ATD) and proposed the use of an accompanying dose-toxicity model, on the basis of the work of Sheiner (8, 9) . The main distinguishing features of these designs are (1) a rapid initial escalation phase; (2) intrapatient dose escalation; and (3) the ability to analyze trial results using a dose-toxicity model that incorporates parameters for intra-and interpatient variation in toxicity and cumulative toxicity. All of the designs use 40% dose escalation steps, with dose escalation and/or de-escalation rules based on definitions of DLT and of "moderate" toxicity. The most recommended and popular of the designs (design 4) is carried out as follows.
Design 4 starts with an accelerated phase that uses single patient cohorts, with double dose steps (96-100% dose escalation) per dose level. When the first instance of DLT is observed or the second instance of moderate toxicity is observed (in any course), the cohort for the current dose level is expanded to three patients and the trial reverts to use of the standard phase 1 design for further cohorts (using 40% dose escalation steps).
To maximize each patient's chance to be treated at the potentially active dose, the ATD allows intrapatient dose escalation for a patient who remains on study and has no evidence of toxicity at the current dose. Specifically, the dose for the next course is escalated if less than moderate toxicity is observed for the patient during the current course. If moderate toxicity occurs, then the dose stays the same for the next course. If DLT occurs, the patient generally goes off study; however, if the patient remains on study, the dose is reduced.
Simon and colleagues (7) evaluated the performance of the ATDs by simulating phase 1 data on the basis of 20 sets of parameters estimated from 20 real trials. In the simulations, the average number of patients was much greater for the standard design than for any of the ATDs. With the standard design, an average of 23 patients experienced less than intermediate toxicity; these patients were undertreated. For design 4, with intrapatient dose escalation, the number was less than five. The major reduction in the number of undertreated patients was achieved with very small increases in the average number of patients experiencing DLT or unacceptable toxicity.
The model proposed by Simon and colleagues (7) to facilitate analysis of the dose-toxicity relationship after the phase 1 trial is finished, accommodates inter-and intrapatient variability, as well as cumulative toxicity. Sheiner and colleagues (8, 9) proposed the use of dose-toxicity models for phase 1 trials two decades ago. These models are rarely used, despite their potential for facilitating the definition of a phase 2 starting dose.
To assess the use and utility of the ATDs in the evaluation of novel oncology therapeutics, Dancey and colleagues (10) conducted a literature search and an analysis of 36 identified ATD trials. Approximately half of the studies used intrapatient dose escalation. The ATDs, as used in these studies, rarely resulted in dose escalation beyond the RP2D. Among the 911 patients enrolled in these studies only one death from toxicity occurred during the accelerated titration phase. On the basis of its use in these selected studies, the ATD seems to provide an enhanced efficiency with acceptable safety.
ATDs can dramatically reduce the number of patients accrued to a phase 1 trial, as compared to the standard phase 1 design, and with intrapatient dose escalation, ATDs also provide all patients entered in the trial a maximum opportunity to be treated at a therapeutic dose. Despite these benefits, we find that the designs are not widely used, likely owing to the conservativeness of investigators. When they are used, they are often used with an initial dose set at a much more conservative level than would be done for a standard design and without use of intrapatient dose escalation, thus reducing their effectiveness. A recent comprehensive review of the risk-benefit relationship for phase 1 trials conducted over the past decade revealed an overall toxicity death rate of only 0.005 (11) . An accompanying editorial (12) argued that such a low toxicity death rate, in the context of treatment for an often rapidly fatal disease, suggested that phase 1 trials are being conducted in an overly conservative fashion. Appropriate use of designs such as the ATDs might increase the potential for benefit in phase 1 trials, with little increase in risk.
Overview of continual reassessment method and related designs. In 1990, O'Quigley and colleagues introduced the continual reassessment method (CRM), a Bayesian adaptive design for dose finding based on a binary toxicity outcome in which the goal is to find MTD of a single treatment agent (13) . The novelty of the original CRM was determining the dose for the next patient on the basis of the toxicity outcomes for all patients previously treated on the trial using a mathematical model for the association between dose and toxicity. Current CRMs follow the same general principles as the original, although numerous modifications have been made over the years to add flexibility, extensions, and safety constraints.
Unlike the standard algorithmic phase 1 designs, such as the 3 + 3 and up-and-down approaches, both of which require a list of doses to be tried, the CRM requires the investigator to specify a number of design components in order to develop the trial design.
First, the investigators are required to determine the target level of toxicity, (i.e., the proportion of patients that will show a DLT at the target dose). This is generally chosen to be 0.20 to 0.33, and depends on the patient population and the nature of the expected DLTs. As in standard designs, the definition of DLT must be defined (one common definition of a DLT is any grade 3 or 4 toxicity, as defined by the Common Terminology Criteria for Adverse Events (CTCAE; ref. 14) .
Second, the number of patients per cohort is selected. The original CRM included only one patient per cohort; however, more recent modifications suggest using two or three patients per cohort (15) (16) (17) . The number selected depends on operating characteristics under different cohort sizes, patient accrual, and the desired DLT rate.
Third, to implement a CRM, a mathematical model of the relationship between dose and toxicity needs to be specified in which the outcome (probability of experiencing a DLT) is a function of dose. As part of the choice of mathematical model, the investigator must determine if the doses are from a continuous range or from a fixed set. Currently, there are number of standard approaches; the most popular being the "power" model that uses a discrete set of doses (18), and one-and two-parameter logistic models (16, 19) .
Fourth, a stopping rule must be determined. Most CRMs simply predefine a total sample size and proceed with dose finding until the total sample size is reached. However, there have been proposals suggesting more efficient approaches; for example, when the sample size is adaptively determined on the basis of the precision with which the MTD is estimated, or until a certain number of patients are treated within a relatively narrow dose range, suggesting convergence to an optimal dose (19) (20) (21) . Implementation of the model will differ if a Bayesian approach is used versus other methods. Bayesian models specify a prior distribution which represents the a priori best guess at the dose-toxicity relationship. The dose for the initial cohort is based on the prior dose toxicity curve. Specifically, the selected dose for the first cohort occurs at the dose that is associated with the desired DLT rate.
The initial and following steps for a CRM are illustrated in Fig. 2 . If it is assumed that the desired level of toxicity is 0.25 (meaning that it would be acceptable if 25% of patients had a DLT), then, according to this dose-toxicity curve (DTC), dose level 4 would be the optimal starting dose. Assuming that the solid curve in Fig. 2 is the a priori curve, the first patient in the trial would receive dose level 4, whether he or she experienced a DLT is recorded and is combined with the prior DTC to get a better estimate of the true curve. When the curve is updated, a new estimated DTC is obtained. As the number of patients accumulates, the DTC estimate is based almost exclusively on the observed data and may look very little like the a priori curve. In Fig. 2 , the dashed line shows the updated DTC if the first patient experienced a DLT: the updated DTC falls slightly to the left of the solid a priori curve and the dose for the next patient is decreased to level 3. However, if the first patient does not experience a DLT, the updated DTC (the dotted line) falls slightly to the right of the a priori curve and the dose for the next patient is increased to dose 5. The trial continues in this fashion: with the DTC reestimated after each patient is treated and the next patient being treated at the new estimate of the optimal dose.
As previously mentioned, a number of modifications of the CRM have occurred over the past 20 years. Some notable changes include using non-Bayesian approaches (16, 18, 19) ; for example, using predefined sets of doses and implementing a 3 + 3 design until a DLT is observed, and then to switching to a CRM to update dose. More flexible models allow for escalation for multiple outcomes (22) , escalation for multiple agents (23) , and time-toevent toxicity outcomes for cases with delayed toxicities (24, 25) . Additionally, other Bayesian designs have been introduced, such as the "escalation with overdose control" approach (26) .
Despite the enthusiasm in the statistical community for novel dose-finding designs, these trial designs are not finding their way into clinical trial practice. Rogatko and colleagues reviewed the literature and found that, over a 15-year period, only 1.6% of dose-finding trials used novel designs, with the remaining trials using algorithmic designs (27) . For the CRM and its variants, clinical colleagues have been slow or reticent to adopt these designs into practice. A number of factors contribute to the difficulties of practical implementation, including acceptance by protocol review committees, institutional review boards, and regulatory agencies [such as the U.S. Food and Drug Administration (FDA)]. Many of these bodies are charged with preserving patient safety and ethics, and members of the boards may not be convinced that novel designs are better for patients. In fact, they are; however, due to the more sophisticated nature of these designs, it can be challenging to help nonstatisticians understand how they behave. As a result, trials tend to be designed using more traditional methodologies even though they are maybe less efficient in a number of ways.
For more detail on CRM designs and for applications published in clinical journals, please see additional references (28, 29) .
Moving beyond the primary goal of safety and dose selection in phase 1 trials. The conventional approach of anticancer drug development proceeds stepwise from the evaluation of safety in phase 1 trials to the determination of activity in phase 2 trials, and ultimately, to confirmation of effectiveness in phase 3 trials. However, the high attrition rates in oncologic therapeutics have generated tremendous pressures to identify promising drug candidates early on and expedite their advancement, while abandoning those drugs with little hope of ever achieving regulatory approvals (30) . In 2000, a new medicinal compound entering phase 1 evaluation only had a 5 to 8% chance of eventually reaching the market, with the leading causes of failure being lack of efficacy and safety issues (30, 31) . Given these statistics, many have advocated for the need to establish new paradigms that can identify those compounds that do not hold promise earlier on in the drug development process, thus reducing time and resource investments.
The primary goal of phase 1 trials of novel anticancer agents is to establish a safe and reliable recommended dose and schedule for subsequent phase 2 and 3 testing. In the molecularly targeting era, many phase 1 trials have been conducted with the hope not only of achieving this primary goal, but also to provide a head start on the identification of specific target patient populations, and to generate preliminary biomarker evidence of target inhibition (Fig. 3) . There are potential benefits and limitations in the attempt to execute these ancillary goals in phase 1 trials of new drugs. Whether these efforts have added value to the clinical development of MTAs or impeded their evaluation remains a subject of debate and controversy. In addition, the increased use of MTAs has given rise to the idea of small first-in-human studies to test an agent's ability to affect a molecular target (phase 0 studies) prior to initiation of phase 1 testing. These new approaches to the development of MTAs will be discussed in the next three sections.
Identification of specific target patient populations. The vast majority of phase 1 trials evaluate new agents for which target tumor types have not yet been identified, despite extensive preclinical research. As such, patients with various kinds of advanced malignancies that are either refractory to standard therapy or for which no curative therapy exists, are enrolled. When a new drug is combined with a known active regimen in phase 1b trials, patients with malignancies deemed appropriate for such combinations are often preferentially recruited, to optimize their chance of deriving benefit. Phase 1 trials in which an MTA can be matched precisely with a population of patients whose tumors are driven predominantly by the target of interest, are uncommon. This situation is not surprising given that most advanced human malignancies have complex molecular compositions such that interrogation of a single or even a few of the relevant pathways in a small number of patients in a phase 1 trial without the presence of controls, is at best exploratory. Even for drugs that have been thoroughly tested from phase 1 to phase 3 trials, personalization so far has been the exception rather than the rule. Of 18 MTAs that have obtained regulatory approvals for solid tumors by the FDA in the last decade (1998-2009), only one third had approvals that were predicated on the biomarker status of the patients' tumors (Table 1) .
Recent examples of phase 1 trials that have successfully been enriched for specific target patient populations include the hedgehog inhibitor GDC-0449 in patients with advanced basal cell carcinoma (32, 33) , the oral c-MET and ALK inhibitor PF-02341066 in patients with nonsmall cell lung cancer harboring the EML4-ALK rearrangement (34) , and the B-RAF inhibitor PLX4032 in patients with malignant melanoma harboring the V600E B-RAF mutations (35) . It is important to emphasize that the scientific basis and knowledge for target patient population selection in these trials are strong, with rationale extending beyond the commonly reported retrospective clinicopathological associations between target expression and clinical outcome with many drugs. Furthermore, even in these enriched phase 1 trials, patients with other advanced solid tumor types were enrolled, as it is essential not to detract from the primary goal of phase 1 trials to recommend a dose and schedule that is safe for subsequent disease-specific evaluations not limited to the target patient groups.
For the purpose of dose escalation, most contemporary phase 1 trials continue to recruit patients with advanced malignancies without enrichment when unique target populations are not clinically apparent. However, it has become increasingly popular for phase 1 trials of targeted agents to open enriched expansion cohorts once the RP2D has been reached, with the hopes to gain insight on the so-called proof-of-concept and to acquire early hints of antitumor activity in patients felt to possess the greatest chance of response. Molecular profiling of tumors using genotyping technologies for somatic mutations and gene amplifications, or selection of tumor types based on published frequencies of molecular aberrations, are examples of enrichment strategies that have been used at the end of phase 1 trials or in early phase 2 trials. The jury remains out on the merit of enrichment in early phase clinical trials; some investigators strongly believe that this approach will speed up the drug development path, whereas others fear that it is too limited without sufficient scientific justification (36) . Regardless of the view, the reproducibility, reliability, and validity of the technological platforms must be assured if the results they generate are being applied to patient selection decisions in the clinical setting.
Generation of Preliminary Biomarker Evidence of Target Inhibition. Biomarkers are biological variables or characteristics that are measured by molecular, biochemical, or imaging techniques that can be evaluated as indicators of normal physiologic or pathological processes, or as pharmacologic responses to a therapeutic intervention (37) . Examples of biomarkers in phase 1 trials include variables measured at one time point, such as immunohistochemical expression of an activated protein in tumor tissues prior to study drug initiation, or serial measurements such as changes in serum concentrations of a growth factor, or changes in standardized uptake values of target lesions on fluorodeoxyglucose positron emission tomography (FDG-PET) before and after drug administration. The inclusion of biomarkers in phase 1 trials has significantly increased from 1991 to 2002 as reviewed by Goulart and colleagues (38) , and undoubtedly, this upward trend has continued. In this review, the use of biomarkers to support dose and/or schedule selection for phase 2 trials was found in only 13% of published phase 1 trials; they were potentially useful for selecting a patient population in subsequent studies in 19% of trials; whereas a greater proportion of trials (39%) reported their role in providing evidence to support the proposed mechanism of action of the drug (38) . For active drugs that are destined to succeed in their development, it is unclear how much this type of proof of mechanism by biomarkers in phase Table 1 . FDA approval of molecularly targeted drugs in solid tumors (1998-2009), according to whether approval status is predicated on molecular biomarker status of patients' tumors 1 trials has enhanced their approval process over and above that achieved by radiological evidence of antitumor activity. Certainly, on the basis of the list of MTAs in Table  1 , all of these agents were approved by the FDA because of radiological response or delay in tumor progression that has translated to an improvement in progression-free and/or overall survival. None of these active agents would have entered definitive phase 3 testing if biomarker evidence of target inhibition in early phase trials alone (e.g., laboratory evidence of inhibitor of downstream markers, reduction in apoptosis, or proliferation, etc.) was seen without objective radiological efficacy.
Perhaps a more informative role for biomarkers that are being done to show target inhibition in phase 1 trials is to help provide warning of agents with uncertain therapeutic indices. Early termination of the development of agents with limited signs of antitumor activity, or those with significant toxicity, in conjunction with minimal biological evidence of target inhibition, may help reduce the high failure rates of oncologic therapeutics. Another potentially valuable role for biomarkers of target inhibition is to shed information on novel first-inclass or best-in-class agents. Changes in target modulation by the drug in surrogate or tumor tissues of patients may yield new knowledge of unforeseen mechanisms of drug activity or resistance.
Phase 0 trials. The phase 0 trial is a new type of study, designed to be a first-in-human; the idea was initiated by an FDA guidance in 2006 (39) . This type of study can be conducted to assess drug effect on a molecular target, by means of a pharmacodynamic assay in a very small number (i.e., 10-15) of patients, which promises to make phase 1 trials, and the early trial development process, in general, more efficient and effective. Currently only 5% of the investigational new drug (IND) applications to the FDA result in clinically approved agents (39) (40) (41) . The fact that an increasing proportion of IND agents are molecularly targeted suggests that testing the agent for effectiveness against the target by means of a pharmacodynamic assay needs to be conducted very early in the drug development process. This early testing is particularly useful and important because preclinical tests of such effectiveness are often misleading. Phase 0 studies can be administered while the toxicology studies preparatory to filing a standard IND are being conducted. Phase 0 studies can also be used to prioritize among analogs or agents designed to have the same molecular target by means of comparing pharmacokinetic (for example, oral bioavailability) and/or pharmacodynamic characteristics, or, in imaging studies, to verify localization of the agent to the tumor. These studies represent an opportunity for developing and validating clinical pharmacodynamic assays very early in the drug development process. Typically, a phase 0 trial encompasses several escalating dose levels for the experimental agent. Therefore, they can contribute to better defining the appropriate dose range or administration schedule to take into phase 1 and phase 2.
Kummar and colleagues (40) and Murgo and colleagues (41) have described several phase 0 statistical designs. The first step in the trial design is to define what is meant by a pharmacodynamic "response" for each individual patient, which is analogous to defining what constitutes an objective tumor response for a patient in a phase 2 trial. In oncology, generally, the pharmacodynamic endpoint is assessed both in tumor tissue and in an easily assayed surrogate tissue such as blood [peripheral blood mononuclear cells (PBMC)]. The tumor tissue assay is considered to be more reliable with respect to reflecting the biological effect of the agent in what is generally the target tissue of interest (39, 42) ; however, the number of tumor biopsies usually is severely limited for ethical reasons (40, 41) . The measure of treatment effect for the tumor pharmacodynamic assay is the difference between the pretreatment and post-treatment values. Defining a pharmacodynamic response, both for the tumor assay and for the PBMC assay, usually involves both a biologic criterion and a statistical criterion for what is significant. The biologic criterion generally depends upon characteristics of the biologic target of the agent. For example, in the National Cancer Institute (NCI) phase 0 trial of ABT-888 (42, 43) , an inhibitor of the DNA repair enzyme poly (ADP-ribose) polymerase (PARP), the criterion chosen was that the reduction in the assay value had to be at least 50%. The statistical criterion may be either 90% confidence or 95% confidence (generally one-sided, because the anticipated treatment effect is generally in one direction) that the observed treatment effect is not a result of the sort of natural random variation in the assay, for an individual patient, that would be seen in the absence of a true treatment effect. Details about the definition of a pharmacodynamic response are illustrated in Fig. 4 .
The second step in the trial design is to define what constitutes a promising observed pharmacodynamic response rate for each dose level; in other words, how many patients must show a pharmacodynamic response for the dose level to be declared biologically effective. This is analogous to setting a threshold for observed response rate in a phase 2 trial, which determines if the agent is deemed sufficiently promising for further testing (44) . For a targeted pharmacodynamic response rate across patients, the power to declare the dose level effective for each of the two assays, as well as the false positive rate (in case the agent is ineffective), can be calculated. Figure 4 gives an example of a design to target a 60% pharmacodynamic response rates, across patients.
The NCI selected ABT-888 for the first-ever phase 0 trial for two reasons (42, 43) . It was anticipated to have a wide margin of safety, and because elevated PARP levels are characteristic of tumors and can result in resistance to both chemotherapy and radiotherapy, PARP inhibitors hold promise of wide applicability as chemotherapy and radiotherapy sensitizers. The NCI trial showed statistically significant reduction in PARP levels (a surrogate for PARP inhibition) in both tumor and PBMCs (42, 43) . It also gave an opportunity to explore the correlation between blood and tissue marker levels, to determine to what extent blood levels could be used as a surrogate for the more difficult to obtain tissue levels.
To our knowledge, the NCI trial is the only phase 0 trial completed to date. Phase 0 trials do not replace phase 1 trials conducted in establishing DLTs and defining an RP2D. In contrast, data from phase 0 trials allow phase 1 studies to begin at a higher, potentially more efficacious dose, use a more limited and rationally focused schedule for pharmacodynamic sampling, and use a qualified pharmacodynamic analytic assay for assessing target modulation. Likewise, phase 0 trials, with pharmacodynamic endpoints, will not eliminate the need for phase 2 trials to establish the agent's ability to yield tumor response or clinical benefit; but, they will allow for early termination of development of agents that fail to yield the anticipated biologic effect. Therefore, effort spent to conduct rationally designed phase 0 trials should conserve resources in the long run by improving the efficiency and success of subsequent clinical development (45, 46) .
Summary
The design of phase 1 trials remains an open issue. The Clinical Trial Design Task Force initially addressed the merits, advantages, and disadvantages, of a variety of phase 1 approaches to drug development for first-in-human studies with investigational agents. The goals, objectives, and purposes for these studies continue to evolve rapidly and are now further challenged by the addition of biomarkerbased selection of patients to participate in these studies. The adage to "fail early and fail fast" is used to define drug development as more is asked of the phase 1 study. This discussion has addressed traditional, accelerated, and biomarker-driven trial designs. Other issues related to phase 1 trial designs, such as late-onset toxicities, cumulative toxicities, and multidrug combination are not covered by the scope of this review. The Clinical Trial Design Task Force of the Investigational Drug Steering Committee developed recommendations on phase 1 trial designs that are pragmatic and encourage the investigator to select a design that best suits the development of the agent under study. The choice of the design that best suits the agent versus the agent that best suits the design remains fluid.
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